؉/؉ mice and not in mA3 ؊/؊ mice, arguing that mA3 is the major anti-MMTV restriction factor that is induced upon DC maturation. Thus, increasing the levels of this intrinsic antiretroviral factor in vivo can lead to increased levels of restriction because of higher levels of both cell-intrinsic as well as virion-packaged APOBEC3.
It is now well established that proteins belonging to the APOBEC3 (A3) family are potent restriction factors of viruses and retrotransposable elements (6, 16, 46) . Several mechanisms have been proposed for the antiviral activity of APOBEC3. Most, if not all, family members have cytidine deaminase (CDA) activity. As for human immunodeficiency virus type 1 (HIV-1) lacking the viral infectivity factor (vif) gene, human APOBEC3G (hA3G) protein is incorporated into budding HIV-1 virions and deaminates cytidine to uridine residues during reverse transcription. This causes hypermutation in the nascent retroviral DNA and restricts infection through increased degradation of the DNA and the generation of nonfunctional proviral genomes (16, 26) . This mechanism is counteracted by Vif, which binds and degrades hA3G via the ubiquitin/proteasome pathway in virus-producing cells, thereby preventing it from being packaged (27, 47, 49, 55) . A3 proteins also inhibit replication by an undefined CDA-independent mechanism(s) (33, 48) . A3 proteins packaged into virions have been shown to inhibit the accumulation of HIV-1 reverse transcription products, plus-strand DNA transfer, and provirus integration, at least in tissue culture cells (18, 24, 29) .
In addition to A3 proteins inhibiting infection when packaged into virions, there is mounting evidence that these cellular proteins can restrict incoming virus particles. For example, hA3G expressed in recipient resting CD4 ϩ T cells and mature dendritic cells (mDCs) functions as a postentry, Vif-resistant restriction for HIV infection (7, 39) . Several A3 proteins are also expressed at higher levels in cells that restrict HIV-1 infection, such as monocytes and mDCs (36, 37, 39) . Indeed, hA3G levels increase during dendritic cell (DC) maturation ex vivo, and treatment of several different cell types with alpha interferon (IFN-␣) leads to higher levels of hA3G expression (5, 37, 39, 43, 50) . Unlike humans, whose genome carries seven A3 genes, mice have a single mA3 gene, and although the mouse protein restricts HIV-1 infection and is a functional CDA, the domain organization of this single gene is different from any of the human genes (8, 14, 23) . Previously, we showed that mice with targeted deletion of the mA3 gene supported higher levels of infection by the betaretrovirus mouse mammary tumor virus (MMTV) than their wild-type counterparts (35) . Moreover, we showed that this restriction was independent of A3 CDA activity. More recently, several groups have demonstrated that mA3 inhibits infection by murine leukemia virus and that this also occurs without cytidine deamination (3, 42) . Thus, although both MMTV and murine leukemia virus are infectious in mice, it is likely that endogenous A3 plays a role in limiting infection and thereby pathogenesis.
In vivo, MMTV first infects DCs at the site of infection, which then carry the virus to lymph nodes (9) . Infected DCs produce virus and, because they are professional antigen-presenting cells, present the MMTV-encoded superantigen (Sag) to T cells expressing Sag-specific T-cell receptor Vß chains (41) . This results in the stimulation of Sag-reactive T cells, proliferation of B and T cells, and subsequent amplification of infection. MMTV's interactions with DCs also induce their maturation and migration, causing increased surface expression of costimulatory molecules and the MMTV entry receptor transferrin receptor 1 (TfR1) (4, 9, 28) .
Although MMTV infection of DCs leads to maturation and increased TfR1 expression on the cell surface, MMTV nonetheless infects immature DCs (iDCs) more efficiently than it infects mDCs (51) . In this study, we examined whether this preferential replication pattern was due to differential restriction of MMTV by mA3 in iDCs versus that in mDCs. We demonstrate that virion-packaged and DC-intrinsic mA3 function together to restrict MMTV infection ex vivo and in vivo and that this restriction is not due to cytidine deamination. We also show that DC activation and maturation increase mA3 levels in target cells and that this increase results in reduced viral infection ex vivo and in vivo. These studies point to the importance of examining the role of host antiviral mechanisms using natural pathogens and their hosts.
MATERIALS AND METHODS

Molecular constructs.
All the plasmids used were previously described, including V5-tagged mA3 (mA3.V5) (57); hemagglutinin (HA)-tagged mA3 (mA3.HA) (42) ; rat glucocorticoid receptor RSVGR (30) ; MMTV molecular clone HYB PRO (45); pENV (10); and lentiviral vector LVTHM, which expresses enhanced green fluorescent protein (EGFP) (53) . MMTV⌬Env was created by site-directed mutagenesis of the receptor binding site encoded by the env gene of the HYB PRO clone, as previously described (56), and does not produce infectious virus in the absence of a functional Env-encoding plasmid provided in trans (not shown).
Cell culture. Bone marrow-derived DCs (BMDCs) from mA3 Ϫ/Ϫ and mA3 ϩ/ϩ mice were generated according to published procedures (25) . The DCs were cultured for 8 days at 37°C with 5% CO 2 in RPMI 1640 medium containing 10% fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, 0.05 mM 2-mercaptoethanol, and 20 ng/ml recombinant murine GM-CSF (Peprotech Inc., Rocky Hill, NJ). DCs were matured by treatment with 100 ng/ml lipopolysaccharide (LPS) (Sigma, Inc., St. Louis, MO) for 24 h. Differentiation into iDCs or mDCs was assessed with flow cytometry by staining cell surface expression with anti-CD40 and -CD86 antibodies (BD Biosciences, Inc.). 293T, NIH 3T3, TRH3 (293T cells that stably express mouse TfR1 [56] ), and CGRES6 (CrFK cells stably transfected with pGR102ES, a green fluorescent protein [GFP]-tagged molecular MMTV clone [20] ) cells were grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin; the TRH3 and CGRES medium was supplemented with Geneticin (100 g/ml). 293T, TRH3, and CGRES cells were transfected with V5-or HA-tagged mA3 expression plasmid using Lipofectamine 2000, according to the manufacturer's instructions (Invitrogen, Inc., Carlsbad, CA). Virus production. MMTV virions were produced by transient transfection of 293T cells. All transfections were performed using Lipofectamine, according to the manufacturer's instructions (Invitrogen, Inc., Carlsbad, CA). For production of one-hit, replication-incompetent MMTV virions with or without mA3 [⌬Env(ϩmA3) or ⌬Env, respectively], 293T cells were cotransfected with the following four plasmids: MMTV⌬Env, pEnv, RSVGR, and mA3.V5 or pcDNA3.1. For GR102ES virions produced by CGRES cells, cells were transfected with RSVGR and mA3.V5 or pcDNA3.1. Twenty-four hours posttransfection, virion production for all cells was induced by the addition of 0.5 M dexamethasone. Twenty-four hours postinduction, the virus-containing culture supernatants were harvested and DNase treated with 20 U/ml of DNase I (Roche, Inc., Nutley, NJ) for 30 min at 37°C to remove residual plasmid DNA. The supernatants were layered onto a 30% sucrose cushion in phosphate-buffered saline (PBS), and virions were pelleted by centrifugation at 105,000 ϫ g for 1 h. Virus stocks were normalized for infection by Western blotting with anti-MMTV antisera, as previously described (35) .
For the generation of LVTHM lentiviral vector stocks, 293T cells were transiently transfected with pLVTHM (EGFP-containing vector plasmid), pCMV-R8.91 and pMD2G-VSVG (helper plasmids), and mA3 expression or control pcDNA3.1 using the CalPhos mammalian transfection kit (BD Biosciences, Palo Alto, CA), according to the manufacturer's instructions. Supernatants containing the pseudovirions were harvested at 48 h posttransfection, filtered through a 0.45-m filter, and then pooled and concentrated 500-fold using a Centricon Plus-70 100-kDa Ultracel-PL membrane (Millipore).
Purified MMTV and PLVTHM virions were used for sodium dodecyl sulfatepolyacrylamide gel electrophoresis/Western blot analysis to examine mA3 packaging and the relative levels of virion production and to infect TRH3 cells, BMDCs, or mice. Purified lentivirus pseudovirion levels were quantified as follows. RNA was isolated from equal aliquots of virus using the RNeasy minikit (Qiagen, Inc.) according to the manufacturer's instructions. Isolated RNA was treated with DNase I (Qiagen, Inc.) and reverse transcribed with SuperScript III (Invitrogen, Inc.). The cDNA was amplified by the following primers to the GFP gene: 5Ј-ACGTAAACGGCCACAAGTTC-3Ј and 5Ј-AAGTCGTGCT GCTTCATGTG-3Ј.
In vitro infection of BMDCs and TRH3 cells. TRH3 cells and DCs were infected with ⌬Env, ⌬Env(ϩmA3), GR102ES, GR102ES(ϩmA3), or lentivirus virions for 24 h. Cells treated with 3 mg/ml of the reverse transcription inhibitor azidothymidine (AZT; Sigma, Inc.) at 37°C for 2 h prior to and during infection served as controls. Infectivity titrations of lentivirus vector stocks were performed on NIH 3T3 cells as follows. Cells were pretreated with 2 g/ml Polybrene 1 h prior to infection, and the Polybrene was then aspirated. Then, 10-fold serial dilutions of diluted vector stock were applied, followed by incubation at 37°C for 1 h, after which medium was added to each plate. mA3
Ϫ/Ϫ and mA3
DCs were infected by the spinoculation method, as previously described (9) . In some experiments, BMDCs from mA3 ϩ/ϩ , mA3 Ϫ/Ϫ , or C57BL/6 mice were matured with 100 ng/ml of LPS or incubated with the indicated amounts of IFN-␣ for 24 h prior to infection.
Infectivity assays. For measurement of viral DNA in infected cells, DNA was isolated according to the manufacturer's protocol (DNeasy kit; Qiagen). DNA was used for real-time quantitative PCR (RT-qPCR) to detect integrated proviruses, as previously described, using primers specific to the MMTV long terminal repeat and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (9) . Fluorescence-activated cell sorting (FACS) analysis was also used to detect infection by GR102ES and the lentivirus pseudovirions using FACSCalibur; data are presented as the percentage of GFP-positive (GFP ϩ ) cells or as relative infectivity levels normalized to viral RNA levels. For lentivirus infection of NIH 3T3 cells, infected plates of cells were observed under UV illumination 2 days postinfection, and green fluorescent cells (individuals or small groups) were counted. Infectivity titers were calculated from the number of fluorescent cells/ colonies corrected for the dilution factors and then normalized to viral RNA levels. All infectivity assays were done in triplicate; each assay was performed two to four times with similar results.
Western blots. Western blots of virus preparations were probed with anti-V5 or anti-HA (Invitrogen, Inc.) and anti-total MMTV or anti-p27 (capsid) (National Cancer Institute, Biochemical Carcinogenesis Branch Repository, Bethesda, MD). The species-appropriate horseradish peroxidase-conjugated secondary antibody was used, followed by detection with ECL reagents (Amersham Biosciences, Inc.). In some experiments (see Fig. 5 ), the Western blots were analyzed using anti-HA monoclonal antibody (EMSCO/VWR), followed by analysis using the Odyssey infrared imaging system (LI-COR Biosciences).
In vivo infection of mice. The mA3 ϩ/ϩ and mA3 Ϫ/Ϫ mice were previously described (35) . Toll-like receptor 4 (TLR4) Ϫ/Ϫ mice with a C57BL/6 background were developed by Hoshino et al. (19) and were a kind gift from Douglas Golenbock. Mice were housed according to the policies of the Institutional Animal Care and Use Committee of the University of Pennsylvania. In vivo footpad infectivity assays of mA3 Ϫ/Ϫ and mA3 ϩ/ϩ mice were performed with ⌬Env or GR102ES virions, as indicated. Briefly, five mice of each genotype received subcutaneous footpad injections of virus. Injections also were performed in the presence of 3 mg of AZT (Sigma, Co., St. Louis, MO), which was administered intraperitoneally before injection, as described previously (17) . Twenty-four hours after infection, the mice were sacrificed, and the draining lymph nodes from each group were harvested and pooled for DC purification. DCs were purified from the lymph nodes of infected mice using the CD11c isolation kit (Miltenyi Biotec Inc.). The purity of the populations was determined by FACS analysis using allophycocyanin-conjugated anti-CD11c (clone HL3) and was always Ͼ98%. Following DC purification, DNA was isolated and used for RT-qPCR to detect the integrated viral sequence.
LPS treatment of mice. Three mice from each genotype (mA3 Ϫ/Ϫ , mA3 ϩ/ϩ , and TLR4
Ϫ/Ϫ mice, all with a C57BL/6 background) were pretreated with 1 g LPS. Twenty-four hours after LPS treatment, mice were inoculated subcutaneously with GR102ES MMTV virions produced by CGRES cells. Twenty-four hours after infection, the mice were sacrificed, and the lymph nodes from each group were harvested and pooled for DC purification. DCs were purified from the lymph nodes of mA3 Ϫ/Ϫ -, mA3 ϩ/ϩ -, and TLR4 Ϫ/Ϫ -infected mice using the CD11c isolation kit (Miltenyi Biotec Inc. on October 2, 2017 by guest http://jvi.asm.org/ isolated and used for RT-qPCR to detect integrated viral sequence. In addition, RNA was isolated, and cDNA was synthesized and used to detect mA3 expression. Viral sequence editing assay. DNA was isolated from the BMDCs of mA3
and mA3 ϩ/ϩ mice infected with GR102ES and GR102ES(ϩmA3) virions using the DNeasy tissue kit (Qiagen, Inc.). Following DNA isolation, an ϳ700-bp fragment was amplified by PCR using one primer specific to the GFP gene and the other to the MMTV long terminal repeat and cloned into pCR2.1-TOPO vector (Invitrogen, Inc.). At least 15 clones from each group of mice infected with the two different viruses were sequenced. Sequences were aligned using the ClustalW program (http://www.ebi.ac.uk/Tools/clustalw2/index.html).
Viral reverse transcript levels. TRH3 cells were transfected with mA3.HA or the empty vector using Lipofectamine 2000, by following the manufacturer's recommendation (Invitrogen, Inc., Carlsbad, CA). Twenty-four hours after transfection, the cells were harvested and used either to assay for transfection efficiency by Western blotting and flow cytometry (FACS) or to assay for the formation of reverse transcription products. Transfection efficiency by FACS was measured by intracellular staining of permeabilized cells with anti-HA monoclonal antibody followed by anti-rabbit secondary antibody conjugated to allophycocyanin; mA3-positive (mA3 ϩ ) cells were analyzed using FACSCalibur. For the analysis of viral reverse transcript formation, viral infectivity assays were performed by following a previously described protocol (18) and modified as follows. Transfected TRH3 cells were washed with ice-cold PBS, resuspended, and aliquoted into tubes for infection. MMTV virions were incubated with cells at 4°C for 2 h and shaken to allow synchronous virus binding. Following incubation, cells were washed three times with ice-cold PBS, resuspended in cold culture media, and incubated at 37°C with 5% CO 2 . Aliquots of cells (200 l) were taken at different time points (0, 2, 4, 6, and 24 h), washed with PBS, and frozen until required for DNA extraction. Control cells were first treated with AZT 2 h prior to infection with MMTV virions. The DNAs were analyzed by RT-qPCR using the following primers: early reverse transcripts (ERT)/strong-stop DNA, 5Ј-CG TGTGTTTGTGTCTGTTCG-3Ј and 5Ј-GACCCTCTGGAAAGTGAAGG-3Ј; late reverse transcripts (LRT), 5Ј-CCAACGAGAAGCGCGATCAC-3Ј and 5Ј-GGACTGTTGCAAGTTTACAC-3Ј; and LRT/integrated DNA, 5Ј-CGTGAA AGACTCGCCAGAGCTA-3Ј and 5Ј-TAATGTTCTATTAGTCCAGCCACT GT-3Ј. All results were normalized to those of GAPDH, as previously described (35) . All assays were done in triplicate.
Reverse transcription-RT-qPCR to measure mA3 levels. Total RNA was isolated from the BMDCs of mA3 Ϫ/Ϫ and mA3 ϩ/ϩ mice using the RNeasy minikit (Qiagen, Inc.), according to the manufacturer's instructions. Isolated RNA was treated with DNase I (Qiagen, Inc.) and reverse transcribed with SuperScript III (Invitrogen, Inc.). The cDNA was amplified with mA3-exon 6/-exon 7-specific primers as follows: 5Ј-GAATGGACCCGCTAAGTGAA-3Ј and 5Ј-ACAGGCG GGAGGTGTAGATA-3Ј; the amplification was normalized to that of GAPDH. ϩ for ⌬Env(ϩmA3), mA3 Ϫ for ⌬Env versus mA3 Ϫ for ⌬Env(ϩmA3)]. This experiment was performed three times with similar results. (D) TRH3 cells were transfected with mA3 (mA3 ϩ ) or pcDNA3.1 (mA3 Ϫ ) and then infected with GR102ES virus with or without packaged mA3. FACS analysis was performed to determine the percentage of GFP express hA3G, and the MMTV produced in these cells is fully infectious (35) . These cells were transfected with a mA3 expression vector (Fig. 1A) and then infected with a one-hit virus (⌬Env) or an infection-competent, GFP-tagged virus, GR102ES, lacking or containing mA3 (Fig. 1B) . Infection was analyzed by RT-qPCR (Fig. 1C) or FACS (Fig. 1D) . With either virus, the lowest levels of infection were seen in TRH3 cells expressing mA3 and infected with MMTV containing mA3; conversely, TRH3 cells transfected with empty vector and infected with virus lacking mA3 showed the highest infection levels. Intermediate levels of infection were seen in mA3-expressing cells infected with virions lacking mA3 or in vectortransfected cells infected with virions containing mA3.
RESULTS
Both cell-intrinsic mA3 and virion-packaged mA3 restrict
Although these experiments indicated that cell-intrinsic mA3 plays a role in restricting MMTV infection, they do not necessarily reflect the restriction that occurs when physiological levels of mA3 are expressed in natural target cells. We thus infected BMDCs derived from mA3 Ϫ/Ϫ and mA3 ϩ/ϩ mice with ⌬Env or ⌬Env(ϩmA3) (Fig. 2A) or with GFP-tagged (Fig. 2B) viruses. Infection levels were analyzed by RT-qPCR or FACS, respectively, and AZT treatment served as the negative control. Results similar to those observed for transfected cells were seen, with the highest levels of infection detected in the complete absence of mA3 and the lowest levels detected when both cells and virus contained mA3 (Fig. 2) . Interestingly, in transfected TRH3 cells and cultured BMDCs, cell-intrinsic mA3 was more effective at inhibiting MMTV infection than virion-packaged mA3 (mA3 ϩ cells infected with virus lacking mA3 versus mA3-negative [mA3 Ϫ ] cells infected with virus containing mA3) ( Fig. 1 and 2) . Additionally, the difference in infection between mA3 ϩ and mA3 Ϫ cells and virions was more pronounced with the one-hit virus ⌬Env (Fig. 1A and 2A ) than with the replication-competent GR102ES virus (Fig. 1B and  2B) (Fig. 3A) and virions containing mA3-infected NIH 3T3 cells at much lower levels than did virions lacking this protein (Fig. 3B ). As seen with MMTV, the highest levels of infection were seen in mA3 Ϫ/Ϫ cells infected with pseudovirions produced in the absence of mA3, and the lowest levels were seen in mA3 ϩ/ϩ cells infected with mA3-packaged virions (Fig. 3C) . Thus, the ability of DC-intrinsic mA3 to restrict incoming virus is not limited to MMTV but also occurs with HIV-1.
Cell-intrinsic restriction of MMTV infection in mDCs is largely dependent on mA3 expression levels.
Work by others demonstrated that hA3G is expressed at higher levels in human mDCs than in iDCs (39) . We therefore examined mA3 expression in iDCs versus that in mDCs; maturation was induced by LPS treatment for 24 h and was assessed by analyzing the expression of costimulatory molecules CD40 and CD86 (Fig. 4A) . DC maturation caused increased mA3 RNA expression (Fig. 4B) . We then tested whether the increased mA3 expression in mDCs resulted in lower levels of MMTV infection. BMDCs from both mA3 ϩ/ϩ and mA3 Ϫ/Ϫ mice were treated with LPS, stained with anti-CD40 and -CD86 antibodies, and analyzed by FACS. Both mA3 ϩ/ϩ and mA3 Ϫ/Ϫ BMDCs showed equivalent amounts of increased expression of these maturation markers (Fig. 4A and not shown) . The mA3 ϩ/ϩ and mA3 Ϫ/Ϫ iDCs and mDCs were then infected with ⌬Env and ⌬Env(ϩmA3) (Fig. 4C ) or GR102ES and GR102ES (ϩmA3) (not shown). For the one-hit ⌬Env virions, mDCs from mA3 ϩ/ϩ mice showed significantly lower levels of infection than did iDCs, independent of whether the incoming virions lacked or contained mA3 (Fig. 4C) . Similar results were seen with the replication-competent GR102ES and GR102ES (ϩmA3) virions, although with the GR102ES(ϩmA3) virions,
FIG. 2. MMTV infection of BMDCs is restricted by cell-intrinsic and virus-packaged mA3 ex vivo. (A) BMDCs from mA3
ϩ/ϩ and mA3 Ϫ/Ϫ mice were infected ex vivo with ⌬Env and ⌬Env(ϩmA3) viruses. Infection was analyzed by RT-qPCR; the relative infection levels are shown. Cells were also pretreated with AZT to block infection. Each bar represents the average of three independent BMDC cultures. P values of Յ0.001 are significant for all comparisons. (B) mA3 ϩ/ϩ and mA3 Ϫ/Ϫ BMDCs infected with GR102ES virus. Infection was analyzed by FACS for GFP ϩ cells. Each bar represents the average of three independent cultures. P values of Յ0.001 are significant for all comparisons, except where marked with asterisks. * , P Յ 0.02; ** , P Յ 0.003. This experiment was performed six times with similar results. All error bars represent standard deviations.
The statistical significance of differences between groups was tested using paired two-tailed Student's t test. 
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where the infection levels in mA3 ϩ/ϩ iDCs and mDCs were near background levels, this difference was not statistically significant (not shown). For both sets of viruses, there was no difference in the level of infection of mDCs and iDCs from mA3 Ϫ/Ϫ mice, independent of whether mA3 was packaged in the virion. However, virions containing mA3 were less infectious than those lacking mA3 in mA3 Ϫ/Ϫ mDCs and iDCs. LPS signals through the innate immune receptor TLR4 and causes both DC maturation and the release of cytokines (1), including IFN-␣, which is known to increase hA3G expression. To determine whether IFN-␣ also caused increased mA3-mediated virus restriction, BMDCs from mA3 Ϫ/Ϫ or C57BL/6 mice (the background strain of the mA3 Ϫ/Ϫ mice) (21) were treated for 24 h with 10 or 100 units/ml IFN-␣ prior to infection with GR102ES virus. This treatment increased mA3 RNA levels in the C57BL/6 mice ( Fig. 5A ) and, at the same time, inhibited MMTV infection; at the highest concentration used (100 units), there was a twofold decrease in infection levels (Fig. 5B) . In contrast, IFN-␣ had no effect on the ability of virus to infect mA3 Ϫ/Ϫ DCs. These data suggest that LPSmediated restriction of MMTV infection is due, at least in part, to the effects of IFN-␣ on mA3 expression. mA3 caused no G-to-A transitions in murine DCs infected by MMTV but acts at an early stage of infection. APOBEC3 proteins are CDAs, but whether this enzymatic activity is required for restriction of virus replication is unclear. Although hA3G hypermutates Vif-deficient HIV-1 virions on minusstrand DNA during reverse transcription in many cell types, in primary human CD4 ϩ T cells, hA3G caused little or no deamination (7) . Similarly, hA3G with a mutated CDA active site inhibits HIV-1 and MMTV infection (35) , although this could be a function of protein overexpression in transfected cells (44) . We therefore determined if mA3 induces G-to-A transitions in MMTV viral DNA in infected DCs expressing physiological levels of mA3. DNA from mA3 Ϫ/Ϫ and mA3
BMDCs infected with the GR102ES or GR102ES(ϩmA3) viruses was isolated at 24 h postinfection, PCR amplified, cloned, sequenced, and analyzed for mutations. No significant G-to-A hypermutation was observed in mA3 ϩ/ϩ or mA3
DCs infected with either virus (Table 1 ). This observation is in line with our previous report that mA3 does not cause deamination of MMTV virions in vivo (35) . To examine the step at which intrinsic mA3 acts, we transiently transfected TRH3 cells with an mA3 expression vector, infected them with GR102ES, and then used RT-qPCR to examine different reverse-transcribed products at different times after infection, as has previously been done for hA3 proteins and HIV-1 (18) . Approximately 30% of the TRH3 cells expressed mA3, as determined by intracellular staining with anti-mA3 antibodies and FACS analysis (Fig. 6A) . ERT (strong-stop DNA) were diminished in the mA3-expressing cultures as early as 2 h after infection (Fig. 6B) ; this diminution persisted through 24 h and was also seen in the LRT and integrated DNA (Fig. 6C and D) . Similar results were obtained when we analyzed reverse transcripts in TRH3 cells infected with mA3
Ϫ and mA3 ϩ virus particles (C. M. Okeoma and S. R. Ross, unpublished data). Thus, it appears that cell-intrinsic mA3 as well as virion-packaged mA3 act at a step prior to or during early reverse transcription.
Both cell-intrinsic and virion-packaged mA3 restrict MMTV infection in vivo. To determine whether intrinsic mA3 expression in DCs also restricts MMTV infection in vivo, we infected mA3 Ϫ/Ϫ and mA3 ϩ/ϩ mice by subcutaneous inoculation with ⌬Env virions containing or lacking mA3. Mice were sacrificed 24 h after the infection, and DCs purified from draining lymph nodes were analyzed for MMTV, using RT-qPCR as the readout. As was seen with the cultured BMDCs, we observed that cell-intrinsic and virion-packaged mA3 contributed to the inhibition of DC infection by MMTV in vivo (Fig. 7) . Similar results were seen with the replication-competent GR102ES virus (not shown). As was seen ex vivo, cell-intrinsic expression of mA3 appeared to play a more dominant role in restricting infection than did virion-packaged mA3. Increasing mA3 expression in vivo reduces virus infection. It has been suggested that increasing A3 expression in HIV-1-infected individuals could be used as an antiviral therapy (11, 22, 31, 34, 40) . As we showed in Fig. 4 , LPS treatment of DCs resulted in A3-dependent restriction of MMTV infection. To determine if this was also the case in vivo, mA3
Ϫ/Ϫ and mA3 ϩ/ϩ mice were injected subcutaneously with LPS and, 24 h later, inoculated at the same site with GR102ES. Twenty-four hours after infection, the mice were sacrificed, and DNA and RNA isolated from DCs purified from the draining lymph nodes were analyzed by RT-qPCR for viral DNA and mA3 RNA levels, respectively. As a control for LPS stimulation, we also treated TLR4 Ϫ/Ϫ mice, which are resistant to LPS treatment because they have targeted deletion of the cellular receptor for this bacterial ligand (19) . LPS treatment increased A3 RNA levels in vivo (Fig. 8A) , and correspondingly, DCs from mA3 ϩ/ϩ mice were more resistant to MMTV infection than those from untreated mA3 ϩ/ϩ mice (Fig. 8B) . In contrast, DC infection of either mA3 Ϫ/Ϫ or TLR4 Ϫ/Ϫ mice was not affected by LPS treatment (Fig. 8B) ; infection of mA3 Ϫ/Ϫ mice was highest in all cases. These data thus show that the treatment of mice with agents that increase cytokine production in vivo renders them more resistant to MMTV infection, primarily through increased A3 expression.
DISCUSSION
A3 proteins are potent retrovirus restriction factors which have been shown to inhibit infection by a number of viruses, most notably HIV-1. hA3G and human APOBEC3F (hA3F) inhibition of HIV-1 occurs through two mechanisms. In the absence of Vif, these hA3 proteins are packaged into viral particles and inhibit infection via CDA of the reverse-transcribed DNA and other more poorly defined means. In addition, cell-intrinsic hA3G and, to a lesser extent, hA3F can Here, we showed that increasing A3 levels in vivo results in greater A3-mediated restriction of virus infection. We showed previously that MMTV infection of mA3 Ϫ/Ϫ mice was dramatically increased compared to that of their wild-type littermates (35) . Since MMTV depends on DCs to initiate infection in vivo (9) and little was known about mA3 expression in murine DCs, we first determined that mA3 expression levels increased upon treatment with LPS. LPS induces DC maturation and cytokine production, notably of type I IFNs, which are inducers of hA3G transcription, as well as of other retroviral restriction factors such as TRIM5␣ and tetherin (1, 32) . The increase in mouse A3 levels upon LPS-induced DC activation and maturation or IFN-␣ treatment was similar to that observed by others for hA3G (5, 37, 39, 43, 50) and supports previous studies demonstrating that mDCs are less infected by MMTV than iDCs (51) . Interestingly, most if not all of the antiviral effect induced by LPS was the result of mA3 restriction, since in mA3 Ϫ/Ϫ DCs, LPS treatment had little or no effect on ex vivo (Fig. 4) or in vivo infection (Fig. 8) . Thus, at least in murine DCs, mA3 and not other cytokine-induced factors such as tetherin seems to be the major anti-MMTV restriction factor induced upon their maturation.
We also examined the relative importance of virion-packaged and cell-intrinsic mA3 in restriction of MMTV infection using three different experimental systems. First, we demonstrated that mA3-transfected 293T cells, which do not express endogenous A3 proteins, restricted MMTV infection compared to their untransfected counterparts. More importantly, BMDCs from mA3 ϩ/ϩ mice expressing physiologically relevant levels of mA3 showed much lower levels of infection than those from mA3 Ϫ/Ϫ mice. Finally and most importantly, we observed that infection of DCs was higher in mA3 Ϫ/Ϫ mice than in mA3 ϩ/ϩ mice, demonstrating that cell-intrinsic expression of mA3 restricts virus infection in vivo. In all three cases, this restriction occurred whether the incoming particle contained or was deficient in packaged mA3. Interestingly, in all the experimental systems, cell-intrinsic mA3 inhibited MMTV infection to a greater extent than did packaged mA3 with either one-hit or replication-competent viruses.
Strikingly, packaged mA3 appeared to synergize with cellintrinsic mA3 to decrease virus infection in most experiments. For example, in vivo infection of mA3 ϩ/ϩ mice was decreased by more than fourfold when virions contained mA3; in con- Ϫ/Ϫ mice were grown in the presence of increasing amounts of 0, 10, or 100 U/ml IFN-␣ for 24 h, and then RNA was isolated and analyzed by RT-qPCR for mA3 expression (A) or the cells were infected with GR102ES virus for 24 h and DNA was isolated and analyzed for RT-qPCR for viral DNA (B). * , P Յ 0.001; ** , P Յ 0.005; *** , P Յ 0.01. P values are significant for comparisons of mA3 ϩ/ϩ and mA3 Ϫ/Ϫ cells at each IFN-␣ concentration. All error bars represent standard deviations. The statistical significance of differences between groups was tested using paired two-tailed Student's t test. trast, mA3 in virions decreased infection only ϳ1.4-fold in mA3 Ϫ/Ϫ mice (Fig. 8) . This suggests that cell-intrinsic mA3 accesses the reverse transcription complex in incoming virions. Interestingly, packaged mA3 more potently restricted MMTV Ϫ/Ϫ ), were pretreated with 1 g LPS and, 24 h later, inoculated subcutaneously with GR102ES virions. Twenty-four hours after infection, the mice were sacrificed, and DNA and RNA were isolated from DCs isolated from pooled lymph nodes. (A) Reverse-transcribed RT-qPCR analysis to measure mA3 RNA levels. (B) RT-qPCR analysis to detect integrated viral sequences. Open bars, untreated mice; filled bars, LPS-treated mice. * , P Յ 0.1; ** , P Յ 0.01. This experiment was performed twice with similar results. All error bars represent standard deviations. The statistical significance of differences between groups was tested using paired two-tailed Student's t test. (52) suggested that hA3G self-associates into higher-order structures (13, 48, 52) . Thus, mA3 that is already present in MMTV cores may "attract" cell-intrinsic mA3 through self-association, and if dimers, tetramers, or higher-order mA3 structures are more effective inhibitors of, for example, reverse transcription, this would explain the enhanced activity of virion-packaged mA3 in mA3 ϩ cells. How cell-intrinsic mA3 accesses viral cores in infected cells and inhibits reverse transcription is currently under investigation.
We did not observe editing of proviral DNA when mA3 was packaged into virions or when intrinsically expressed in DCs (Table 1) (35) . Instead, we found that intrinsic mA3 exerts its effects at an early step of virus infection, since even strongstop, ERT levels were reduced (Fig. 6 ). This supports previous observations that both T cell-and DC-intrinsic expression of hA3G and hA3F inhibited HIV-1 infection but resulted in only low-level hypermutation of LRT (7, 39, 39) . A number of in vitro studies have suggested that A3 proteins in particles can inhibit binding of the tRNA 3 Lys primer to the viral RNA or accumulation of HIV-1 reverse transcription products (2, 12, 18, 21, 24, 29) . Whether mA3 inhibition of MMTV infection, either in the intrinsic or virion-packaged form, is preventing reverse transcriptase processivity or functions at an earlier step is currently under investigation.
As is believed to be the case for HIV-1, DCs are critical early targets for MMTV infection (9, 54) . Expression of A3 in DCs may play a significant role in restriction of infection because they are the first cells to be infected by retroviruses like HIV and MMTV in vivo. Increased levels of cell-intrinsic A3 would render the host cell nonpermissive to initial infection and also increase the level of virion-packaged A3 protein. Thus, treatments that increase A3 expression would have a dual effect on suppression of virus infection in DCs. Whether this would also be the case for other lymphoid targets of MMTV infection such as B and T cells in mice is currently under investigation. In addition, we can test whether long-term administration of agents that increase A3 expression, such as IFN-␣, will suppress viral loads in chronically infected mice.
While mice have a single A3 gene in contrast to humans, who have seven genes, these model studies suggest that increasing A3 expression in vivo has potential as an antiretroviral therapy, particularly because hA3G and hA3F levels are induced by IFN-␣ and other factors in many of the cell types that are targets for HIV-1 infection (5, 37, 39, 43, 50) . Because A3 proteins are CDAs, it has been speculated that their misexpression could lead to increased genomic instability or even cancer (15, 38) , although there is, at present, no direct evidence that this occurs in mammalian cells. The mouse thus also provides a model system for testing whether increasing A3 levels as a means of antiretroviral therapy does indeed lead to genomic changes in vivo.
